Phage display technology has been extensively modified and improved since its introduction three decades ago and is still the most important molecular evolution technology available[@b1]. In particular, the use of phage display in antibody discovery has provided high-quality affinity reagents for use in research, proteome-scale experiments and therapeutic intervention[@b2]. The quality of the antibody library is crucial for successful antibody discovery. Thus, attention has been focused on library size and design of the displayed antibody format[@b3]. In comparison, less is known about how the choice of capsid protein used for display influences library performance. In the current study, we have assessed such differences between pIII and pIX as display scaffolds to gain insight into how the choice of capsid protein influences the characteristics of the selected clones.

Polypeptides of interest have been displayed on all five phage structural proteins, but pIII is by far the dominating display capsid used in antibody display and selection[@b4]. However, the use of pIII is associated with well-documented negative effects on selection performance, such as clone-dependent reduced phage infectivity and propagation, which cause repertoire bias[@b5]. In addition, preferential amplification of non-functional or truncated clones in *E. coli* may impede successful selection of functional clones[@b6][@b7][@b8]. Thus, although pIII display technology is well established and has generated a wide range of binders, its limitations motivate search for further improvements.

Several reports have explored pIX as an alternative antibody display scaffold[@b9][@b10][@b11]. pIX and pIII are located at opposite tips on the virion, and the two proteins differ in their mechanisms of translocation to the *E. coli* inner membrane prior to phage assembly. Whereas pIII is synthesized as a precursor with a post-translationally processed signal sequence and targets the SEC translocation pathway[@b12], pIX altogether lacks a signal sequence, does not undergo post-translational processing and appears to depend on YidC for periplasmic targeting[@b12][@b13]. Early studies showed that an *N*-terminal GST fusion prevented pIX display, as pIX was found aggregated in the cytosol of the *E. coli* host[@b14]. Therefore, ompA and pelB signal sequences were added with the aim to facilitate antibody display[@b15], but later reports are conflicting with respect to how well such pIX display performs in comparison to display on pIII[@b9][@b16][@b17]. We have developed a display system, where pIX is used as display capsid without addition of a signal sequence to the fusion protein[@b18][@b19].

In this study, we have for the first time tested the performance of this signal sequence-independent pIX display in diverse antibody library selection and compare with conventional SEC-dependent pIII display. We compared the two strategies in independent side-by-side selections using both immune and naïve scFv libraries. In addition, we compared the contribution of display valence on the outcome. Our results highlight two major novel findings. First, the hit-rate of specific clones was higher for pIX display. In the first selection, only pIX display retrieved specific binders of good affinity. In the second selection, different repertoires were retrieved in a capsid-dependent manner, allowing for a comparison, and the pIX-selected clones had the higher thermostability and affinity. Second, we demonstrate that multivalent display is a prerequisite for the favorable performance of pIX.

Results
=======

Selection and characterization of an antibody directed towards a celiac disease patient-derived anti-TG2 monoclonal antibody
----------------------------------------------------------------------------------------------------------------------------

We aimed to select an antibody recognizing the V~H~/V~L~ combination of the monoclonal antibody (mAb) 679-14-E06 specific for the human self-antigen transglutaminase 2 (TG2)[@b20]. Murine scFv antibody libraries were assembled in parallel on pIII and pIX[@b5] employing the identical PCR amplified V gene repertoire derived from mice that had been immunized with 679-14-E06 Fab ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). The libraries were packaged with helper phages directing either low valence (LV) or high valence (HV) display on pIII[@b21] or pIX[@b19], thus enabling direct comparison of how the capsid proteins and display valence influence the outcome of selection (overview of display routes and libraries are shown in [Fig. 1](#f1){ref-type="fig"}). Selection of binders specific towards the V~H~/V~L~ combination was achieved by negative selection on a mixture of two 679-14-E06-related anti-TG2 mAbs that share either the target IGHV5-51 or IGKV1-5 gene segments, followed by positive selection on the target mAb. The round 2 (R2) outputs from all four selections were analyzed in a polyclonal phage ELISA to assess specific enrichment of binders ([Fig. 2a](#f2){ref-type="fig"}). We observed a strong increase in reactivity towards mAb 679-14-E06 from both HV selections, an intermediate increase for pIII LV, while the pIX LV output showed only a slight increase in target reactivity. Rescue to HV forces all fusion-capsid proteins to display scFv and increases antigen reactivity compared to the LV counterparts ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). Single phage clones were then expanded and tested for specific target binding in phage ELISA ([Fig. 2b](#f2){ref-type="fig"}). The R2 output from pIX HV contained the highest number, 12/95, of positive clones followed by pIII HV and pIX LV with 6 each. We found no binders in pIII LV. With one exception, all clones selected from the pIX libraries exhibited stronger target reactivity than those from the pIII libraries ([Fig. 2b](#f2){ref-type="fig"}). Sequencing revealed that a single clone (denoted 2G9) dominated the R2 outputs from both pIX libraries ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). This clone was reformatted to full-length human IgG1 and confirmed to bind the target mAb by SPR (K~d~ \~137 nM) and to engineered A20 B cells expressing 679-14-E06 as B cell receptor (EC~50~ \~0.3 nM) ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). No binding towards the single V~H~ or V~L~-matched control mAbs was observed ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}).

HV display on pIX selects full-length and functional ORFs
---------------------------------------------------------

The result from the single-clone phage screen prompted us to elucidate the differences in pIII and pIX selection dynamics by sequencing a number of random clones before (R0) and after (R2) selection ([Fig. 2c](#f2){ref-type="fig"}). Both R0 libraries had a high content of non-functional clones with V~H~ truncations or frameshift mutations, partly caused by the library cloning procedure. Furthermore, during affinity selection, both the pIII LV and HV outputs exhibited a reduction in functional open reading frames (ORFs), as well as enrichment of clones with out-of-frame truncations and stop codons. The pIX LV output showed a similar trend, while the pIX HV output showed a strong enrichment of full-length, functional clones.

Sequencing of the pIII HV R2 output and phage ELISA on target mAb and the mAb sharing IGKV1-5, revealed that the clones with in-frame truncations were IGKV1-5-specific and enriched as binders after incomplete negative selection ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}).

*E. coli* host interference is more severe for pIII than for pIX fusions
------------------------------------------------------------------------

The staggering differences in repertoire dynamics between the different display strategies observed during selection prompted us to generate host cell growth curves to evaluate how expression of in-frame truncated, non-sense or full-length scFvs on the two capsids affected *E. coli* propagation. We observed no differences in growth rate upon phagemid propagation in the presence of glucose repressor ([Fig. 3a](#f3){ref-type="fig"} and b left panels). However, upon removal of the repressor to allow heterologous protein expression and phagemid packaging, full-length scFv on pIII caused growth retardation, as seen by the collapse in cell growth in mid-log phase ([Fig. 3a](#f3){ref-type="fig"} middle and right panels). In contrast, we did not observe growth retardation with fusions displayed on pIX ([Fig. 3b](#f3){ref-type="fig"} middle and right panels). The effect was independent of display valence. We reasoned that this counter-selection might be attributed either to inherent differences between the pIII and pIX capsids, or the different pathways used for translocation from the cytosol to the periplasmic space. To distinguish between the two and further elucidate the observed differences, we used a well-characterized mouse hybridoma-derived anti-NIP scFv[@b18] in three different settings; standard pIII display (with pelB), display on pIX with pelB added *N*-terminally on the scFv, and display on pIX without pelB *N*-terminally on the scFv, and repeated the growth experiments. Again, during protein expression and phagemid packaging, the growth of host cell cultures with phagemids encoding pIII or pIX fusions with pelB signal sequence were greatly inhibited, while the presence of phagemids encoding pIX fusions devoid of signal sequence did not affect the host cells ([Fig. 3c](#f3){ref-type="fig"}). Thus, the results strongly indicate that it was the presence of the pelB signal sequence on the scFv, and hence the SEC transport route from the cytosol to the periplasm, that was the major cause of the observed growth interference. Therefore, during library amplification between each selection round, clones with a growth advantage were preferentially amplified and outcompeted the full-length clones. In the mAb 679-14-E06 selection, the only group that effectively alleviated this effect was the pIX HV further pointing to the benefit of ORF selection ([Fig. 2c](#f2){ref-type="fig"}).

Parallel pIII and pIX selection from a naïve human scFv phage library
---------------------------------------------------------------------

To investigate the generality of the apparent favorable selection performance of pIX display, we reformatted a previously described diverse and high quality protein L-purified human naïve scFv phage library[@b22] to comparable pIII and pIX phagemid vectors[@b18] ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). We then performed three rounds of selection on the OMV antigen of *N. meningitidis,* using the same four library groups as before, namely pIII and pIX both at either LV or at HV. Polyclonal phage ELISA of the selection outputs revealed OMV-specific reactivity in all four R3 outputs, with pIII outputs exhibiting a stronger reactivity than the pIX outputs ([Fig. 4a](#f4){ref-type="fig"}). The pIII HV R0 output also bound weakly to the antigen before selection. To compare the outputs at the single-clone level, we picked random clones and screened for OMV reactivity in phage ELISA. The number of binders ranged from 4% to 100% of the clones tested ([Fig. 4b](#f4){ref-type="fig"}). As previously reported, HV display during selection improved the retrieval of binders both from the pIII and the pIX libraries[@b19][@b21], but this effect was more pronounced for pIX. Moreover, for pIX, HV display strongly increased target reactivity. By contrast, the positive pIII LV clones exhibited higher reactivity than the pIII HV clones. Thus, we found the highest single-clone reactivity in the pIX HV and pIII LV outputs.

Display valence and choice of helper phage affect selection efficiency
----------------------------------------------------------------------

We then reformatted the selection outputs for soluble scFv expression, expanded random clones and tested for OMV reactivity in ELISA. In line with previous experience[@b23][@b24], we observed a reduction in number of positive clones when reformatting from phage displayed to soluble scFv, except for the clones derived from the pIX LV selection ([Fig. 4c](#f4){ref-type="fig"}). The reduction was less pronounced for pIX HV than for both pIII outputs. Comparing pIII LV and pIX HV, target reactivity was on average 2.3-fold higher in favor of the pIX-derived clones ([Fig. 4c](#f4){ref-type="fig"}). Sequence analysis showed that clones enriched in the pIX HV selection occupied the highest ranked S/B positions, and that the most highly enriched clone (14 of 96 samples screened) occupied the 12 top S/B ranks ([Fig. 5b](#f5){ref-type="fig"}). This contrasts the pIII LV route, where the few enriched clones were found scattered among unique clones and all these clones exhibited substantially lower S/B levels than what was seen for the pIX-derived clones ([Fig. 5a](#f5){ref-type="fig"}).

The large reduction in target-reactive clones in pIII HV (from 100 to 31%) upon soluble scFv reformatting and the rather low target reactivity could be due to low intrinsic affinity or lack of scFv expression. Thus, we analyzed 10 representative clones from the pIII HV selection for protein expression level in addition to target binding. Here, only 4/10 scored as positive in OMV-binding, but all 10 expressed soluble, full-length protein at similar levels, and all appeared functionally folded, as they reacted with the conformation-dependent protein L ([Supplementary Fig. S4](#S1){ref-type="supplementary-material"}). Sequence analysis revealed 7/10 clones to be identical ([Supplementary Fig. S4](#S1){ref-type="supplementary-material"}), and this dominant clone was below detection threshold in 5/7 cases. In summary, the results support the notion that pIII HV display during selection increases the number of retrieved binders, but at the cost of reduced affinity[@b25].

Morphological variations of the phages, such as presence of polyphages, could also contribute to the detection of weak binders in phage ELISA. Thus, we visualized phages from the libraries by transmission electron microscopy (TEM). Here, the pIII HV library stood out by containing a large fraction of polyphage, whereas this was not seen for the other three libraries ([Fig. 6](#f6){ref-type="fig"}). Therefore, the weak target reactivity seen in pIII HV R0 prior to selection, as well as the very strong R3 reactivity ([Fig. 4a](#f4){ref-type="fig"}), is likely due to signal amplification caused by very large phage particles. The absence of polyphages in pIII LV indicates that the phenomenon is not associated with pIII display itself, but rather related to the helper phage used to achieve HV display. Moreover, none of the pIX libraries contained polyphages. Thus, this virion morphology is not associated with HV display in general.

Different repertoires are selected depending on display scaffold and valence
----------------------------------------------------------------------------

All libraries tested were based on the same V gene repertoire, which allowed an assessment of how capsid and display valence influenced V gene usage in the selected OMV-reactive clones. By sequencing clones identified in the soluble screen, we found the two LV outputs and the two HV outputs to be similar regarding IGHV usage, with preferential selection of IGHV4-34 in the LV and IGHV3-23 in the HV outputs, respectively ([Fig. 7a](#f7){ref-type="fig"}). Strikingly, the IGKV usage in both the pIII LV and the pIX HV outputs was skewed towards a single gene segment, IGKV3-20. pIX HV also selected IGKV1-5, which was not found in the output from any other library ([Fig. 7b](#f7){ref-type="fig"}). Sequence analysis further revealed that pIII LV selected a more diverse repertoire than pIX HV, with 21 compared to 10 unique sequences identified ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). However, this observation must be seen in context with the level of enrichment, which inevitably will affect the mere number of clones occupying the top hierarchy of identified binders in a screening, and here only 4/21 clones occurred more than once for pIII LV. On the other hand, pIX HV displayed a faster and stronger enrichment, as 6/10 clones occurred repeatedly and several were highly enriched. Importantly, the clones enriched via the pIX HV route predominantly used IGHV3, whereas clones enriched in pIII LV were dominated by IGHV4 ([Fig. 7a](#f7){ref-type="fig"}).

To investigate differences in the biophysical properties of the selected repertoires, periplasmic samples of the same soluble scFv clones used in the screen were heat challenged at 55 °C for 10 min, followed by assessment of antigen binding ([Fig. 7c](#f7){ref-type="fig"}, [Supplementary Fig. S5](#S1){ref-type="supplementary-material"} and [Supplementary Table S1](#S1){ref-type="supplementary-material"}). Clones derived from pIX HV selection retained the highest percentage of positive clones, 47%, whereas 39% of pIII LV-derived clones were positive after heating. Samples derived from the two other libraries, pIII HV and pIX LV, only retained 6% and 1% positive clones, respectively. Finally, to get a more comprehensive picture of potential clonal differences in binding affinity, we tested the most highly enriched clones from pIX HV and pIII LV, including a unique pIII LV clone also identified in pIII HV, in serial dilution going from saturating to negligible OMV binding. In agreement with our clone screening results, all 4 clones from pIX HV showed the strongest target reactivity in a concentration-dependent manner strongly eluding to higher intrinsic affinity than the clones from pIII LV ([Fig. 7d--f](#f7){ref-type="fig"}). Notably, the only clone (57AE06) shared between the pIII LV and HV groups exhibited the poorest target reactivity of all the tested clones.

In summary, affinity selection of the identical scFv pool using different display scaffolds translated into retrieval of distinct and non-overlapping clonal repertoires, and pIX HV-derived clones had superior biophysical properties with respect to both thermal resistance and target reactivity, when compared to the best performing pIII-derived clones, which all were from the LV group.

pIX HV clones have superior antigen binding characteristics
-----------------------------------------------------------

Next, we expressed and purified the highest and lowest ranking scFv clones from pIII LV (57AE07 and 57AE06, respectively) and pIX HV (57AE16 and 57AE20, respectively) based on the OMV binding strength measured with crude periplasmic extracts ([Supplementary Fig. 6](#S1){ref-type="supplementary-material"}). Both scFv clones from pIX HV and one of the clones from pIII LV used IGHV3, which was overrepresented among the clones selected from the pIX HV library. The other pIII LV clones used IGHV4, which was overrepresented in pIII LV. We then repeated the OMV binding analysis. In line with the results reported above ([Fig. 7d](#f7){ref-type="fig"}), both pIX clones bound stronger to OMV than the two pIII clones ([Fig. 8a](#f8){ref-type="fig"} and [Supplementary Fig. 6](#S1){ref-type="supplementary-material"}).

As an indirect measurement of protein stability, we monitored the yield of each clone after protein L purification. The three scFvs using the generally more stable IGHV3 were expressed with much greater yield than the scFv using IGHV4 ([Fig. 8b](#f8){ref-type="fig"})[@b26]. In particular, the pIII LV-derived clone 57AE06 was expressed at an exceptionally high level, but bound only weakly to OMV ([Fig. 8a](#f8){ref-type="fig"}).

Finally, we performed differential scanning fluorimetry (DSF) to determine thermal stability[@b27]. The best OMV-binding clone, 57AE20, also had the highest melting temperature (Tm) (64.5 °C), followed by the pIII LV clone, 57AE07 (62.4 °C) ([Fig. 8b](#f8){ref-type="fig"} and [Supplementary Fig. 6](#S1){ref-type="supplementary-material"}). 57AE16 had the lowest Tm (56.8 °C), in line with the finding that this clone was the only one of these four clones that lost the target binding ability upon the 55 °C thermal challenge of periplasmic samples ([Fig. 7c](#f7){ref-type="fig"} and [Supplementary Table S1](#S1){ref-type="supplementary-material"}).

In summary, also after purification the two pIX clones showed strong antigen binding compared to the pIII clones. Importantly, the strong antigen binding was accompanied with good expression yields, and the top candidate clone also had the highest resistance to thermal challenge.

Discussion
==========

In this study, we demonstrate that the choice of capsid protein for antibody phage display has a profound impact on the selection of specific and stable binders of good affinity. Previous studies have mainly focused on improving the antibody scaffold itself for the same purpose[@b3]. Here, we demonstrate superior performance of pIX display in two independent library selections employing unmodified, endogenously derived antibody V gene repertoires from mouse and humans, and find that the performance of pIX strongly benefits from HV display.

In LV display, the majority of the capsid proteins, and hence the virions, are devoid of a fusion altogether[@b28]. Thus, in order to retrieve a high number of binders from pIII display libraries, HV display has been shown to be beneficial. Usually, such binders exhibit reduced affinity due to avidity effects amplifying weak, yet specific interactions during selection[@b25]. However, the improved selection efficiency by pIX HV display did not result in low affinity clones, and we even selected clones with higher affinity from pIX HV than from pIII LV. This may be related to the physical properties of the pIX capsid as found embedded into the virion body[@b29]. Full-length pIII, as used here, is a large multi-domain protein shown to protrude from the virion[@b30], allowing considerable rotational and positional flexibility of a fusion[@b31]. The rigid and confined topology of the small 3.7 kDa pIX may give less opportunity for simultaneous engagement of multiple ligand molecules by each virion in HV antibody display[@b4]. Thus, avidity effects may be less pronounced for pIX HV display than for pIII HV display.

Noteworthy, the pIII HV library contained a very high proportion of polyphages. This finding in combination with avidity effects likely explains the high reactivity of pIII HV in the OMV phage ELISA, where even very low affinity clones gave a detectable signal due to amplification caused by the greatly increased number of pVIII molecules available to the detection antibody. By contrast, the binders selected by the pIX HV route had high target reactivity independently of whether the scFvs were displayed on phage, or expressed as soluble molecules. This was particularly evident in the soluble scFv screen where the target reactivity of the pIX HV-derived clones greatly exceeded the reactivity of those selected from the pIII LV route. Importantly, this effect observed in screening of crude periplasmic extracts was also mirrored in analyses using purified monomeric scFvs, where the pIX HV-derived clones bound stronger to OMV than the pIII LV-derived clones.

We observed capsid-dependent effects on host cell growth during protein expression and phagemid packaging. The exact cause of this remains unclear. However, the negative impact of the SEC-directing signal sequence pelB was evident. Both pIII and pIX with signal sequence suffered from growth interference, while pIX without a signal sequence did not. The growth interference translated into enrichment of non-functional clones during library amplification. There are conflicting reports regarding the ability of pIII HV display to positively select for ORFs[@b32][@b33], and we did not observe such an effect for pIII HV in the mAb 679-14-E06 selection, whereas it was pronounced for pIX HV.

Signal sequence-mediated periplasmic targeting has been shown to affect display of non-antibody pIII fusions[@b34][@b35]. Here, the beneficial effects of pIX display was revealed only when pIX was utilized without the pelB signal sequence. Thus, the consequence of adding a pelB sequence could well be a re-routing from the YidC, the suggested route for native pIX[@b13], to the SEC translocon. Moreover, the favorable properties appear to be unique to pIX, as M13 pVIII that also depends on YidC has been shown to be inferior to pIII in antibody affinity selection[@b36][@b37].

The importance of manufacturability has resulted in a strong focus on selection of stable antibody lead candidates[@b3][@b38]. Although the end-use format for most scFvs is full-length antibodies, transfer of the intrinsic properties from the scFv to the full-length molecule[@b39][@b40] underscores the importance of selecting stable scFv candidates which limits the need for post-selection engineering[@b41][@b42][@b43][@b44]. Interestingly, pIX HV-selected clones predominantly utilized the more stable IGHV3 gene family, while the less stable gene family IGHV4 occurred frequently in clones selected by pIII LV[@b26]. In part, this may account for the better thermodynamic stability of the pIX HV clones, translating into a higher retained antigen binding after heat challenge compared to the clones selected through pIII LV. However, large variations may exist resulting in clonal deviation from such germline intrinsic properties due to distinct somatic contribution both in framework and CDR3 loops[@b45]. This may in part account for the lack of good binders in the IGHV3-dominated pIII HV pool. In contrast to the known distinct intrinsic differences in the thermodynamic stability of the various IGHV segments, the properties of IGKV segments are more similar, and thus contribute less to scFv stability[@b26].

When we expressed and purified monomeric scFvs, we observed that the three clones using IGHV3 were produced in higher yields than the clone using IGHV4. The two pIX-derived clones (both using IGHV3) combined favorable expression characteristics with high antigen reactivity. In contrast, the pIII-derived clone, 57AE06 (using IGHV3) was expressed extremely well, but bound poorly to the antigen, indicating selection largely based on favorable expression characteristics. Although expression and stability are closely connected[@b46][@b47], it did not appear to be the case with this clone. This was even more pronounced for the other pIII clone, which had a high thermal stability, but was expressed at very low level. Preferential amplification bias may obscure retrieval of desirable clones during library screening and has been reported for pIII libraries[@b6][@b48]. Our data indicate that the pIX-derived clones were selected and enriched primarily based on favorable target interaction, and therefore appear to be less affected by such target-unrelated effects.

In conclusion, we show that the use of signal sequence-independent pIX display translates into superior performance in antibody affinity selection. Stronger enrichment of specific clones, as well as selection of clones of higher stability and affinity was observed with pIX compared with pIII display. These benefits could in part be accounted for by less host toxicity and in part be attributed to the observation that V genes with known favorable biophysical properties were preferentially selected in a display capsid-dependent manner, even though the libraries were constructed from the same V gene repertoire. However, the most striking observation was the strong dependence on HV display. This is the first report of multivalent antibody pIX display in *de novo* library selection, explaining why the superior properties of pIX have not been revealed previously[@b16].

Methods
=======

Phage library generation
------------------------

### Library 1

An immune murine scFv phage library was constructed in the phagemids pFKPDN[@b49] and pGALD9ΔLFN[@b18], enabling display on pIII and pIX, respectively, along with co-expression of the periplasmic chaperone FkpA. Two TG2 knockout mice[@b50] were immunized intraperitoneally (i.p.) with 200 μg of 679-14-E06 Fab specific for human TG2 in complete Freund's adjuvant on day 0 followed by two booster immunizations of 100 μg Fab fragment in incomplete Freund's adjuvant i.p. on day 18 and day 39. After receiving a final i.p. injection of 50 μg Fab fragment in PBS on day 60, serum was collected on day 63 and tested for reactivity towards the mAb in ELISA. In brief, microtiter plates were coated with 0.3 μg 679-14-E06 Fab in 50 μl PBS, washed with PBS with 0.05% (v/v) Tween 20 (PBST) and incubated with serum samples diluted as indicated in PBST. Serum from a non-immunized TG2 knockout mouse was used as a control. Detection of bound serum antibodies was done with AP-conjugated goat anti-mouse IgG (Abcam). After addition of phosphatase substrate, absorbance was measured at 405 nm in a microplate reader.

Spleens were harvested, and B cells were purified using a mouse B cell isolation kit (Miltenyi). Total RNA was isolated using RNeasy minikit (QIAGEN) and cDNA was synthesized using random hexamer primers (Invitrogen). V genes were amplified using a modified Krebber protocol where assembly of scFvs was done sequentially, first by ligation and transformation of the V~L~ followed by ligation and transformation of V~H~[@b51]. Briefly, the primers were redesigned to accommodate the pGALD9ΔLFN/pFKPDN phagemids by keeping the V gene-specific region only for a primary amplification, followed by a secondary amplification adding new RE-sites (NcoI/HindIII for V~H~ and MluI/NotI for V~L~). Correct bands from the primary PCR were extracted and purified from an agarose gel, followed by re-amplification using the secondary primer set to add RE-sites. Extracted bands were digested and purified before the V~L~ fragments were ligated into phosphatase treated vectors at 16 °C overnight. 40 ng of library DNA was transformed into *E. coli* AVB100mkII[@b52] using cell aliquots of 350 μl and an ECM 600 electroporator (BTX) as described[@b53]. The transformations were plated on Bio-Assay dishes (Nunc) and incubated overnight at 30 °C. Colonies were scraped from the plates and phagemid DNA isolated. The procedure was repeated for the V~H~ fragments. Both the pIII and pIX libraries reached a diversity of \~3 × 10^6^ (determined by transformation output). Phagemid rescue was done by inoculating scraped material to OD600 nm 0.05 in 2x YT supplemented with 30 μg/ml tetracycline, 100 μg/ml ampicillin and 0.1 M glucose (2x YT-TAG) and incubated with rigorous shaking at 37 °C until OD reached 0.1--0.2. The cultures were superinfected with helperphage at MOI20 and incubated with gentle shaking at 37 °C for 60 min, followed by rigorous shaking for 30 min, before centrifugation and medium replacement to 2x YT supplemented with 100 μg/ml ampicillin and 50 μg/ml kanamycin (2x YT-AK) and incubation further 7 h at 30 °C. Phage particles were purified and concentrated by 2x PEG/NaCl precipitation and resuspended in PBS and cfu was determined by spot titration[@b54]. Both libraries were rescued with M13K07 (GE Healthcare) for LV display. In addition, the pIII-library was rescued with Hyperphage[@b21] (Progen Biotechnik), and the pIX library was rescued with DeltaPhage[@b19], resulting in pIII and pIX HV display libraries, respectively. Animal experiment procedures were approved by the National Committee for Animal Experiments (Oslo, Norway) and the methods were carried out in accordance with these approved guidelines and regulations.

### Library 2

A naïve human scFv-pIII phage library (pL-NBLκ)[@b22] was reformatted to the phagemids used for library 1. The original library was assembled from the IgD and IgM repertoire of 6 healthy individuals and pre-selected on protein L to enrich functional scFv clones (final diversity of approx. 3 × 10^8^). The scFv cassette was PCR amplified directly from the phage library (1 μl PEG precipitated phage stock containing \~6.6 × 10^9^ virions) using 0.25 μM each of forward 5′-CTCAGCCGGCCATGGCC-3′ and reverse 5′-TTTGGATCCAGCGGCCGC-3′ biotinylated primers (MWG Operon) containing NcoI and NotI RE-sites and 0.02 U Herculase II Fusion DNA polymerase. The correct band was extracted from an agarose gel, followed by digestion and capture of biotinylated ends using MyOne Streptavidin T1 magnetic beads (Invitrogen). scFv cassettes were purified and ligated into phosphatase-treated vectors in the presence of polynucleotide kinase at 16 °C overnight, followed by purification using Pellet Paint Coprecipitant (Novagen). 80--400 ng library DNA was transformed into *E. coli* SS320 (Lucigen) as described for library 1. pIII and pIX libraries (pIII-rpL-NBLκ and pIX-rpL-NBLκ) obtained 1.95 × 10^9^ and 1.85 × 10^9^ primary transformants, respectively. Phage rescue, PEG/NaCl precipitation and spot titration was performed as described for Library 1.

Phage display selection and recovery of binders
-----------------------------------------------

Selections were performed using immunotubes (NUNC) coated with antigen overnight at 4 °C, either 0.1 μg/ml mAb 679-14-E06, 5 μg/ml of each of the negative selection mAbs 679-14-A05 (share IGHV with mAb 679-14-E06) and 693-1-A03 (share IGKV with mAb 679-14-E06), or OMV (of *N. meningitidis* group B 44/76)[@b55] in 4 ml PBS. In the OMV selection, antigen concentration was decreased 10-fold in each round, starting at 10 μg/ml in R1, and washing stringency increased from 5x PBST + 5x PBS in R1, 10x + 10x in R2 and 20x + 20x in R3. In the selection against mAb 679-14-E06, the phage libraries were first incubated in tubes coated with the two negative selection mAbs, before the supernatant containing unbound library members were transferred to the mAb 679-14-E06 coated tubes. Antigen concentration and washing (10x PBST + 10x PBS) was kept constant. In both selections, the phage libraries were incubated with antigen for 1 h at room temperature using a rotating device. Tubes were briefly vortexed between each wash. 4% (w/v) non-fat skim milk powder (PBSM) or 2% (w/v) bovine serum albumin (essentially fatty acid free) was used as blocking reagents in alternating selection rounds. Elution was performed by 10 min incubation with 0.5 ml 0.5% trypsin followed by *E. coli* infection using half of the eluate. A small sample of the infected culture was removed for determination of output.

Reformatting and expression of single library clones
----------------------------------------------------

### Single-clone phage expression

Briefly, single clones were inoculated into 400 μl 2x YT-TAG in 96-deep well plates and incubated overnight in a Titramax (Heidolph). 10 μl were transferred to new 2x YT-TAG-containing plates and incubated for 3 h at 37 °C before addition of either Hyperphage or Deltaphage (10^9^ cfu/well), followed by gentle shaking at 37 °C for 30 min, and 30 min with rigorous shaking before medium replacement to 2x YT-AK and overnight incubation at 30 °C. Phage supernatants harvested after centrifugation were used directly in ELISA.

### Single-clone soluble expression

The scFv cassette was batch-cloned as NcoI/NotI fragments from the phagemids into pFKPEN[@b56], placing the scFvs in-frame with c-myc and his-tags, and transformed into *E. coli* XL1-Blue (Stratagene). Individual clones were inoculated and expressed in 96-deep well plates using 400 μl culture medium for screening experiments or in either 10 ml or 200 ml cultures for larger-scale expressions. These were performed essentially as described, except that 2x YT was used as culture medium and 0.1 mM IPTG was used for induction of protein expression in small scale expressions[@b56]. For 96-deep well expression 50 μl was used to re-inoculated new cultures after overnight growth. Single clones identified by screening were sequenced by GATC Biotech.

For purification of OMV-reactive scFvs, periplasmic samples were diluted 4x with PBS and pH adjusted to 7.4, before affinity purification using a HiTrap Protein L column (GE Healthcare). Proteins were eluted with 0.1 M Glycine-HCl pH 2.7 and neutralized by addition of 1 M Tris-HCl pH 8. For size exclusion chromatography, Superdex 200 Increase 10/300 GL run in PBS supplemented with 150 mM NaCl was used. pH was adjusted according to the pI of the individual samples.

ELISA
-----

Microtiter plates were coated overnight at 4 °C with anti-TG2 mAbs (1 μg/ml), OMV (5 μg/ml) or BSA-phOx (1 μg/ml) in PBS before blocking with PBSM. OMV was coated at 0.4 μg/ml in ELISAs with purified OMV-reactive scFvs. Phage, equal amounts of combined medium and periplasmic fractions containing scFvs, or 0.5 μg/ml hIgG1 diluted in PBST were added and detected with either anti-M13-HRP (Amersham Biosciences, 1:5000), anti-His-tag-HRP (AbD Serotech, 1:5000), anti-c-myc tag (Invitrogen, 1:5000) or polyclonal anti-human IgG Fc-AP (Sigma, 1:2000) in PBST, respectively. In the case of anti-c-myc detection, anti-mouse IgG-HRP (Dako, 1:2000) was used as secondary antibody. HRP ELISAs were developed by addition of TMB solution, while AP ELISAs were developed with 1 mg/ml phosphatase substrate in diethanolamine buffer before absorbance reading at 620 nm (450 nm in the case of HCl addition) or 405 nm, respectively. Assays were performed at room temperature in duplicates, except for single clone screenings with only one well/sample. Between each layer, the plates were washed 3x with PBST. For temperature-challenge assays, medium and periplasmic fractions were heat-challenged for 10 min at 55 °C before they were cooled and analyzed by ELISA. In some cases, medium and periplasm samples were directly coated before blocking. Mouse anti-c-myc tag followed by HRP-conjugated anti-mouse IgG was used to detect the c-myc tag, while HRP-conjugated protein L (Genscript, 1:2000) was used to detect conformationally intact folded scFv.

Monitoring of *E. coli* growth characteristics
----------------------------------------------

To monitor *E. coli* growth curve, overnight cultures were inoculated to OD600 nm 0.025 in 2x YT-TAG and grown overnight at 37 °C. Alternatively, after 1.5 h incubation at 37 °C, the cultures were super-infected by helper phage and phage packaged as described above. OD600 nm was measured at regular intervals.

SDS-PAGE and Western blot
-------------------------

10 μl medium, periplasmic and cytosolic samples were heated at 95 °C for 5 min with BOLT^TM^ LDS sample buffer before separation on 12% NuPAGE BT gels in Bolt MES SDS running buffer (reagents from Novex) at 165 V for 35 min along with Broad-range ladder. Proteins were either coomassie stained or blotted onto PVDF membrane in Tris-Glycine buffer (25 mM Tris, 192 mM Glycine, 20% methanol, pH 8.3) using a semi-dry blotting apparatus. Membranes were blocked with PBSM before detection with mouse anti-c-myc tag followed by anti-mouse IgG-HRP diluted in PBSTM. Membranes were developed using TMB Insoluble. For phage Western blots, normalized phage samples of 2 × 10^9^ cfu^AmpR^/lane and 1 × 10^10^ cfu^AmpR^/lane was used for pIII and pIX blots, respectively. Mouse anti-pIII (MoBiTec, 1:5000) and anti-mouse IgG-HRP (1:10.000) was used for pIII blots. A polyclonal anti-pIX rabbit serum was generated by immunization using a peptide (*N*-CITYFTRLMETSS-*C*) of the C-terminal pIX portion (AbMART). The validated anti-pIX serum was used at 1:2000 in combination with anti-rabbit IgG-HRP (1:5000) for pIX blots. Western blots were detected by reading chemiluminescent signals.

Reformatting to IgG and eukaryotic protein expression and purification
----------------------------------------------------------------------

Synthetic gene fragments encoding V~H~ and V~L~ of the selected mAb 2G9 together with intronic splice donor sites (Genscript) were cloned as BsmI-BsiWi fragments into the IgG genomic expression vectors pLNOH2~NIP~ and pLNOk~NIP~ [@b57], encoding constant human gamma1 with N297G mutation and constant human kappa domains, respectively, exchanging the existing specificity for the hapten NIP. hIgG1 mAb 2G9 was expressed as previously described[@b58] and purified using CaptureSelect anti-human CH1 (GE Healthcare). Before SPR, a fraction was further purified by size exclusion chromatography using Superdex 200 (GE Healthcare). Anti-TG2 antibodies and Fab fragments were produced in HEK293F cells (ATCC) as previously described[@b20][@b59] and subsequently purified from supernatants using Protein G Sepharose or Protein L Sepharose (GE Healthcare), respectively.

Flow cytometry of transduced cell lines
---------------------------------------

A20 lymphoma cells expressing the TG2 reactive 679-14-E06 BCR or control BCR not reactive to TG2 (693-2-F02) were generated and maintained as previously described[@b60]. For flow cytometric analysis, cells were pre-blocked with mouse Seroblock (Serotec) and stained with hIgG1 anti-679-14-E06 mAb 2G9 (2 μg/ml in PBS + 2% FCS) followed by anti-human IgG1-PE (1 μg/ml; Acris GmbH) for 30 min on ice. Cells were analyzed on a FACSCalibur instrument (BD Biosciences). The hIgG1 mAb 2G9 and isotype control hIgG1 were titrated at the indicated concentrations. EC~50~ was determined using the "dose-response (stimulation)"-equation in GraphPad Prism 5.

Transmission electron microscopy
--------------------------------

2x PEG precipitated virion samples normalized to 1 × 10^10^ virions/ml were prepared for microscopy as described[@b18]. Images were recorded in a Philips CM100 transmission electron microscope at 80 kV using a Olympus Quemesa camera or in a JEOL1400Plus at 80 kV using a Ruby camera. A measuring grid was overlayed and intersections with the grid were counted. The length of each particle was calculated using π/4 \* I \* d (I being the number of intersections and d being the distance between the grid lines)[@b61].

Surface plasmon resonance measurement and analysis
--------------------------------------------------

mAb 2G9 was diluted in acetate buffer pH 4.5 and immobilized on a CM3 Series S sensor chip by amine coupling to 550 resonance units (RU) using a Biacore T200 (GE Healthcare). A control antibody was immobilized on the reference flow cell. Binding kinetics were measured using single-cycle kinetics with a 3-fold dilution from 1 μM to 0.0123 μM Fab 679-14-E06 at a flow rate of 30 μl/min in PBS supplemented with 0.05% surfactant P20 at 25 °C. All data were reference flow cell-subtracted and evaluated with T200 evaluation software. A 1:1 Langmuir binding model was used for determination of K~D~.

Differential scanning fluorimetry
---------------------------------

Differential scanning fluorimetry was performed essentially as described[@b27]. Briefly, scFv samples were diluted to 0.1 mg/ml in 25 μl and mixed with SYPRO Orange at 1:1000. Samples were run in duplicates in a 96 well Lightcycler multiwell plate using a Lightcycler 480 Instrument II (Roche). After a stabilization period of 10 min at 25 °C, temperatures between 25 °C and 95 °C were scanned at a rate of 2 °C/min. Data was collected every 0.5 °C using the 440 nm excitation and 610 nm emission filters. Data transformation and analysis was performed as described.

Additional Information
======================

**How to cite this article**: Høydahl, L. S. *et al*. Multivalent pIX phage display selects for distinct and improved antibody properties. *Sci. Rep.* **6**, 39066; doi: 10.1038/srep39066 (2016).

**Publisher\'s note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary Material {#S1}
======================

###### Supplementary Material

We thank Sathiaruby Sivaganesh, Diane B. Bratlie and Inger Løbersli for excellent technical assistance, Prof. Kjetil Tasken for access to the Biacore T200 instrument, Gerry Melino for kindly providing the TG2 knockout mice and Michael Braunagel for critical reading of the manuscript. This work was supported by grants from the South-Eastern Norway Regional Health Authority \[grant number 2014015\], Research Council of Norway \[grant number 197085\] and by the Research Council of Norway through its Centres of Excellence funding scheme \[project number 179573/V40\].

G.Å.L. and I.S. are joint authors on patents describing pIX phage display. The remaining authors declare no competing financial interest.

**Author Contributions** G.Å.L., I.S. and L.M.S. conceived the study. L.S.H., N.R.N., K.S.G., R.I., M.F.P., and N.R. and G.Å.L. designed and performed experiments. X.C., and T.E.M. provided crucial reagents. G.Å.L., I.S. and L.M.S. supervised the study. L.S.H., N.R.N., and G.Å.L wrote the manuscript. All authors reviewed the manuscript.

![Overview of pIII and pIX display routes and the four library groups.\
(**1**) Schematic illustration of pIII and pIX phagemids. The scFv-pIII contains an *N*-terminal pelB signal sequence, while pIX does not. The scFvs are connected to the capsid proteins by a linker (L). A helper phage encodes wt pIII and wt pIX, resulting in LV display as shown. By using modified helper phages that do not encode either wt capsid protein, the sole source of the capsid protein is the scFv-capsid fusion encoded by the phagemids, resulting in HV display of the fusion. (**2**) pIII and pIX use different translocation mechanisms, SEC and YidC, respectively, for transport from the cytosol (C) to the periplasmic space (PS). Both capsid proteins are integral inner membrane (IM) proteins prior to virion assembly. (**3**) Post-translational leader processing cleaves the leader on pIII and scFv-pIII in the PS. (**4**) The virions are released through the outer membrane (OM), resulting in the four libraries.](srep39066-f1){#f1}

![Polyclonal phage ELISA, single-clone screening for mAb 679-14-E06-reactivity and single-clone sequences.\
(**a**) Normalized phage pools from R0 and R2 were analyzed for the presence of binders to the target mAb by polyclonal phage ELISA. The results are given as mean ± SD of duplicates. The experiment was repeated independently giving the same results. (**b**) Single colonies from R2 were randomly picked for small-scale phagemid rescue and analyzed for target reactivity by ELISA (n = 2). All clones were rescued to HV exploiting functional affinity effects to maximize detection sensitivity. Hence, the LV and HV annotations refer to the valence during selection. A signal/background (S/B) ratio ≥3 was scored as specific (dotted line). Supernatant from empty *E. coli* TOP10F was included as a control. (**c**) Random colonies were picked for sequencing from R0 and after R2, and the sequence outputs were compared. The clones from R0 originate from the *E. coli* transformation outputs, i.e., before separation into LV and HV. Percent sequences within each category and the total number of sequences are indicated in the pie charts.](srep39066-f2){#f2}

![Effect of scFv capsid fusion expression and translocation mechanism on *E. coli* growth.\
(**a**,**b**) Two random, independent clones each representing full-length scFv, or scFv containing in-frame truncations, or stop codons displayed on either (**a**) pIII or (**b**) pIX were grown in the presence of glucose repressor to shut down scFv expression, or during LV and HV phage packaging as indicated. (**c**) A model scFv clone was displayed on pIII with pelB or on pIX with or without pelB, and *E. coli* growth was monitored in the presence of glucose, or during LV and HV phage packaging as indicated. (\*) super infection, (\*\*) medium exchange. Results are representative of three independent experiments.](srep39066-f3){#f3}

![Polyclonal phage ELISA and single-clone screening for OMV-reactivity.\
(**a**) Normalized phage samples from R0 and R3 outputs were analyzed for binding to OMV by ELISA. Phages displaying an irrelevant specificity (scFv anti-NIP) were included as control. The experiment was repeated independently giving the same results. The results are given as mean ± SD of duplicates. (**b**) Random single colonies after R3 were rescued to HV display for all libraries. Samples were analyzed for OMV reactivity by ELISA and scored positive with a S/B ratio ≥3. The percentage of OMV positive clones within each library group is indicated. Supernatant from empty *E. coli* SS320 was included as a control. (**c**) The phage libraries after R3 were reformatted by batch-cloning for soluble scFv *E. coli* expression and random single clones analyzed for OMV binding by ELISA. A representative ELISA is shown (n = 2).](srep39066-f4){#f4}

![Distribution of enriched clones in pIII LV and pIX HV.\
(**a**,**b**) Modified from [Fig. 4c](#f4){ref-type="fig"} to illustrate positions of enriched clones in (**a**) pIII LV and (**b**) pIX HV. Unique clones are identified by color and clone names from [Supplementary Table S1](#S1){ref-type="supplementary-material"}. Grey bars indicate single clones (occurring once) within each library and black bars represent clones which are not sequence identified.](srep39066-f5){#f5}

![Transmission electron micrographs illustrating virion length.\
Phage samples from R0 and R3 were visualized by negative stain. Library samples were prepared and analyzed on two separate occasions. A representative virion in each library is highlighted in red. Scale bar 2 μm.](srep39066-f6){#f6}

![Sequence analysis and biophysical properties of the selected clones.\
(**a**,**b**) Random clones scored as OMV-specific binders in the soluble scFv screen were sequenced and grouped by (**a**) IGHV and (**b**) IGKV usage according to the IMGT database. (**c**) Combined medium and periplasmic fractions containing soluble scFv clones were challenged by heating 10 min at 55 °C before analysis of retained OMV binding. (**d**) Two-fold dilution series of periplasmic fractions were assessed for OMV binding by ELISA (n = 3). The curves were normalized to a relative binding of 1 for the highest concentration. Half of maximum binding is illustrated with a dotted line. The results are given as mean ± SD of duplicates. (**e**,**f**) Affinity rank versus binding rank illustrating how (**e**) IGHV and (**f**) IGKV usage correlate with the properties of the clones. The affinity rank of the clones was derived from (**d**) based on half maximum antigen binding. The binding rank was derived from [Fig. 5a](#f5){ref-type="fig"} and b by calculating the average S/B ratio of the clones.](srep39066-f7){#f7}

![Extended biophysical assessment of affinity purified OMV-reactive scFv clones.\
(**a**) Representative saturation binding curves using normalized, titrated amounts of OMV-reactive scFv clones. The experiment was conducted with separately expressed samples; either protein L affinity purified scFv clones (n = 3) or scFv clones purified by protein L followed by size exclusion chromatography (n = 2) giving essentially the same result. The results are given as mean ± SD of duplicates. pIX clones are shown in blue and pIII clones in purple. (**b**) The table summarizes the IGHV gene segment usage, expression yield and Tm of the scFv clones. The expression yield of each clone is given as mg obtained after protein L purification of 1 L culture. Tm of the clones was determined by DSF (n = 2--4). ScFvs expressed and purified separately were run in duplicates and the results are given as mean ± SD.](srep39066-f8){#f8}
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